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ABSTRACT
BEHAVIOR OF HUMAN DERMAL FIBROBLASTS SEEDED ON A SILICON
MEMBRANE UNDER APPLIED MULTI-AXIAL MECHANICAL FORCES
by
Laura Osorno
The main objective of this thesis is to understand, from a molecular perspective, the
morphological and functional abnormalities of human dermal fibroblasts as a response to
deformation produced by a normal force that can lead to the potential formation of stretch
marks in pregnant women, adolescents, and people with Cushing’s syndrome. The main
function of dermal fibroblasts is to produce the essential fibrous components of the
extracellular matrix (ECM) of the skin.
In order to study the mechanism of stretch mark formation, neonatal human dermal
fibroblasts were seeded on a silicon membrane for controlled deformation. Upon reaching
a confluence of 40-70%, they were multi-axially stretched using a device designed
specifically for this thesis. A total of three samples were analyzed; two samples were
exposed to 20% static strain for a time period of one hour and one sample for 24 hours.
The cells presented severe morphological changes after stretching the membrane. They
acquired a rounded morphology with unclear cytoplasm and nucleus. Also, the cells
started to move throughout the membrane.
It has been shown that dermal fibroblasts show significant morphological changes when
subjected to deformation. The observed changes are a result of total strain. Future
experiments will focus on improving the device for longer periods of cell deformation
and for protein synthesis.
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CHAPTER 1
INTRODUCTION

1.1 Objective
The objective of this dissertation is to model the mechanism of skin stretching by a normal
force as observed in pregnancy, weight gain, use of skin expanders for cosmetic
reconstruction, and muscle growth during adolescent and weight lifting. A multi-axial
stretching device was designed as a model to understand, from a molecular perspective,
how high mechanical forces influence dermal fibroblast’s behavior leading to
fibroproliferative disorders such as mild dermal scars (stretch marks) or pathologic scars.
It is hypothesized that these cells undergo morphological and functional changes when
they are exposed to high levels of strain at critical strain rates 1. Based on literature
finding, high mechanical forces inhibit dermal fibroblasts from producing the essential
fibrous components mainly collagen 2-4

1.2 Definition of a Scar and How They are Formed
Scarring is known as the end result of the entire wound healing process characterized by
fibroproliferative disorders and fibroblast dysfunction5-7. It is considered as a
morphogenetic problem because of “the failure of the regeneration of the normal skin
structure” 6. In most cases, it occurs after trauma, injury, surgery, 6 or excessive stretching
of the skin as in pregnancy, weight gain, muscle gain, and/or the use of skin expanders
for breast reconstruction.

1

The wound healing process is divided into three phases: inflammatory,
proliferative/tissue formation, and maturation/remodeling. Homeostasis takes places
during the inflammatory phase through the activation of the coagulation cascade,
complement cascade, and platelet activation. This occurs in order to prevent loss of blood
as well harmful pathogens to enter. Active mediators, such as TGF-β, are released as the
inflammatory cells migrate into the wounded area. It is believed that TGF-β has a
significant role in scar development. Fibroblasts then start migrating; as they differentiate
into myofibroblasts, they secrete collagen fibers, mainly type III collagen observed in
immature scars, and type I collagen in mature scars. The collagenous ECM is known as
granulation tissue which replaces the initial fibrin scab or blood clot 8, 9.
The remodeling phase is characterized by the continuous synthesis and breakdown of
collagen as the ECM remodels. The degradation of collagen is achieved by specific
enzymes known as metalloproteinases (MMPs) which are produced by fibroblasts. “The
synthesis and secretion of [MMPs] is regulated by growth factor, cytokines, and
phagocytic stimuli.”10. The most common type of MMP is known as matrix
metalloproteinase 1 (MMP1) or interstitial collagenase because their function is to
degrade collagen types I, II, and III. In general the activity of MMPs is well regulated
because they have the potential of degrading the ECM fibrous components, thus
impairing the healing process.
Metalloproteases are enzymes (proteins) that use a metal (zinc) to carry out their
catabolic reactions. MMP1 is a subfamily of the metalloproteinase group. The presence
of MMP1s is commonly observed in processes such as: tissue repair, chronic cutaneous

2

ulcers, and malignant tumors. It is believed that growth factors, cytokines, physical stress,
cell-cell and cell-ECM interactions activate the production of such proteins 1.
It has been demonstrated that high magnitudes of stress/strain exerted on skin
fibroblasts activate the over-production of MMP1s 1, and decrease the synthesis of
collagen. Some of the most drastic consequences of collagen fragmentation are:
disassembly of the actin cytoskeleton of the dermal fibroblasts, reduction in cell
spreading, and reduction in collagen synthesis, 11. According to Xia et al., the mechanical
properties and the functionality of the dermis are compromised by the catabolic function
of MMP1s, preventing the fibroblasts from adhering to the collagen fibers. As a
consequence, the architecture of the skin is overexposed to improper healing 11.
Alterations, interruptions, aberrancies, or prolongation in one or more of the
wound healing phases can cause improper or impaired tissue repair. Wounds with the
characteristics of impaired healing, like delayed acute wounds or chronic wounds, enter
a state known as pathologic inflammation 4. The main factors that influence wound
healing are:










Inadequate blood supply
Increased skin tension
Infections
Age
Glucocorticoid steroids
Obesity
Alcohol consumption
Smoking
Nutrition

3

1.3 The Different Types of Scars
There are several different types of scars are they are all classified as fibroproliferative
disorders12. This thesis will only focus on three:
a. Keloid scars: type of hypertrophic scar that occurs on areas with high tension. It
has been suggested that keloids formation involves a genetic predisposition since
there have cases reporting the formation of keloids on the mid-chest in the absence
of any injury. Keloids tend to extend beyond the initial site of injury. Keloid scars
are characterized by their pink or purple tumor-like shaped with a shiny surface
containing disorganized, thick type I and III collagen bundles. 13
b. Hypertrophic scars: these scars are characterized for not extending beyond the
initial site of injury. They usually occur because of wound infection or wound
closure with excess tension. Hypertrophic scars are commonly red, linear, and
nodular with wavy type III collagen fibers oriented parallel to the epidermis
surface with nodules and myofibroblasts.13
c.

Stretch marks: also known as striae distensae (SD) are considered a type of
scarring of the skin characterized by a change in color based on their stage. They
are caused by tearing of the dermis, produced by continuous and progressive
mechanical stretching of the skin, presence of high concentration of steroid
hormones, and rapid increase in size of particular regions of the body. SD are
sometimes considered as an indication of a pathological condition of the
connective tissue due to loss of synthetic capacity of fibroblasts. 14, 15

1.4 Current Trends in Skin Care Industry for Treating Scars
Dermal scars are commonly treated with topical creams containing active ingredients to
either maintain or improve the dermis structure. In order to help minimize the appearance
of dermal scars, the molecular environment should be optimally stimulated. Substances
such as Centella Asiatica, rose hip oil, and hydroxyprolisilane-C provide amino acids
(hydroxyproline and aspartic acid) that help with the regeneration of the fibrous
components of the skin. 7
Current scar treatments to minimize the appearance of scars, include the use of:
“sunscreen, scar massage, hydration ointments and dressings, adhesive microporous

4

hypoallergic paper tape, silicone gel ... pressure dressings, vitamin E and D, and
Mederma®” 8. Mederma® aids in scar minimization by reducing inflammation because of
its active ingridients such as, allium cepa, an onion extract, and the molecule Quercetin,
which is an anti-inflammatory. 8
Other treatments like the silicon sheeting reduce the risk of abnormal scar
formation if used daily for more than twelve hours, for a period of three to six months. If
a moist exposed burn ointment and/or a silicone gel is used while using the silicon
sheeting, the appearance of the scar is improved since moisture is maintained. The special
ingredients of the moist exposed burn ointment, for instance, β-sistosterol and six herbal
extracts, help retain moisture. 8
Treatment for stretch marks has always been challenging since the exact origin
and development is poorly understood. In order to treat stretch marks, it is necessary to
start at the early or active stage before the scarring process is complete. Different topical
therapies, laser, microdermabrasion, and other specialized treatments have been used in
the aims to eliminate stretch marks. However, there is nothing that successfully has
worked. The following is a short summary of the most common treatments:


Tretinoin: vitamin A derivative. It has been demonstrated that using this product
improves the medical appearance of stretch marks when used during their early
stages. Treated stretch marks had a decrease in dimensions, 14% length, and 8%
width. 15



Centella asiatica extract: prevents stretch marks development during pregnancy.
It stimulates fibroblastic activity and acts as a constraint against glucocorticoids.
15



Pulsed-Dye Laser (PDL): most commonly used laser treatment to improve the
appearance of stretch marks. It is recommended to be used at the early stage of
stretch marks because of the blood vessel dialation. This method uses 585-nm
flashlamp PDL therapy using dynamic cooling. It has been shown that this type
of treatment increases the deposition of collagen in the extracellular matrix. 15

5

CHAPTER 2
BACKGROUND AND SIGNIFICANCE

In Chapter 2, the background and the significance of preventing dermal scars is reviewed.
Also, the normal physiology of the skin is compared to stretched skin in order to explain
and differentiate normal skin from stretched skin, and perhaps to understand the potential
origin of dermal scars.

2.1 Rationale
According to the American Society of Plastic Surgeons

16

, scar revision surgeries are

among the top five reconstructive procedures in the US in 2013. They had an increment
of 4% from 2012, leaving a total of 177,317 reported cases. In 2014, 14.6 million cosmetic
plastic surgery procedures were performed including breast augmentation implants,
abdominoplasty, face-lifting, among other surgeries which are all prone to leave scars on
the patient’s skin. 16
An estimated 100 million people worldwide develop scars every day: “11 million
keloid scars, 4 million burn scars” 5, “70% of adolescent girls and 40% of boys”

17

and

90% of pregnant women develop stretch marks 17. These statistics demonstrate the current
need of more in depth research on dermal scars formation. Nowadays, dermal scars are a
common cause of consultation for dermatologists. In general, scars can be disfiguring and
aesthetically unpleasant causing severe itching, pain, sleep disturbance, anxiety,
depression, and disruption in daily activities. Therefore, patients are in great need of a
guaranteed and effective treatment. 5, 14

6

As of today, there are no treatments that either prevent the formation of dermal
scars or eliminate them. According to Ferguson et al., “current treatments are empirical,
unreliable and unpredictable” 6. Nowadays, many people and companies focus their
experimental methods on using animals such as rodents to analyze the wound healing
process and come up with new strategies and therapies that will be used by humans.
However, using these animals for such purposes is not ideal because of the differences
between the physiology and wound healing process between rodents and humans.18 New
techniques such as using engineered devices, decellularized matrix to grow skin,
collagenous matrix or other scaffolds, among other elements could be better used to come
up with new therapies for the prevention of dermal scars

18

. For instance, “The

development of novel dressings and scaffolds … can be incorporated … to indicate the
healing status of a wound or to deliver bioactive molecules or cells to the wound”

18

.

Furthermore, new research is needed in order to understand how dermal fibroblasts are
affected by high multi-axial forces and hormones in order to have a basic insight in the
molecular changes present during dermal scar development.

7

2.2 Normal Skin vs Stretched Skin
The skin is considered the largest organ in the body, constituting 16% of total body weight
20

. Its main function is to act as a protective barrier keeping foreign agents from coming

into the body. In order for skin to maintain its healthy structure, it needs mechanical
support, which is provided by the extracellular matrix (ECM) 21.
When a constant mechanical stress is applied to skin, two different phenomena
occur: at tissue level, the skin is loaded with tension causing a change in thickness, and
producing both mechanical creep and biological creep are observed. Mechanical creep
consists on morphological changes at a cellular level; whereas biological creep refers to
the disruption of gap junctions, and an increase in tissue surface area which stimulates
cell proliferation. The growth of more tissue restores the resting tension of the stretched
skin back to normal skin

22, 23

. At the cellular level, mechanotransduction takes place,

affecting cytoskeletal rearrangement, protein kinases, and growth factors 23.

2.2.1

Anatomy and Physiology of the Skin

The skin is composed of three main layers: epidermis, dermis, and hypodermis.
The epidermis “is a terminally differentiated squamous epithelium”

20

with

keratinocytes as its major cell type. Keratinocytes synthesize keratin, and in the event of
injury, they produce cytokines as an immediate response. The dermis is located between
the epidermis and a layer fat known as they hypodermis. The thickness of the dermis
usually varies between 1mm to 5 mm, depending on the area of the body. The main
function of the dermis is to act as a specialized structure protecting the body against
mechanical injury. The main components of the dermis are polysaccharides and proteins,

8

and the major cell type is fibroblasts which are in charge of the production of collagen
and elastin fibers and the maintenance and repair of healthy connective tissue. In the
dermis, 75% is collagen type I and 15% is collagen type III composing a total of 30% of
the total volume of the dermis. Elastin fibers provide the skin its elastic framework, and
collagen fibers are responsible for the mechanical strength of the skin

9, 20

. The

hypodermis is the innermost layer of the skin. It is composed of cell specialized in storing
fat known as adipocytes. The hypodermis acts as an energy reserve and helps in
temperature regulation 24.
Figure 2.1 is a schematic representation of the skin layers and their proper function
of each of the different parts of the skin:

Figure 2.1: Schematic representation of the skin layers and the different parts that
compose the skin as the largest organ.

Source Venus M, Waterman J, McNab I. Basic physiology of the skin. Surgery (Oxford). 2011;29;10:4714.

9

2.2.2

Fibroblasts: The Major Cell Type of the Dermis Layer of the Skin

Dermal fibroblasts are the major and least specialized cell type found in the dermis of the
skin. Their main functions are: to produce the architectural framework of the skin (nonrigid extracellular matrix) rich in collagen type I and III, and to assist and support in the
repair mechanisms during wound healing. 21
In general, fibroblasts are morphologically diverse, and their morphological
appearance is determined by their location and activity. For instance, in the event of
injury, fibroblasts acquire contractile characteristics migrating into the wound in order to
synthesize large amounts of collagen, forming a matrix, and helping in the primary
isolation and repair of the tissue. In different regions of the body, fibroblasts present
different characteristics and react differently to external stimuli. For example, cultured
dermal fibroblasts do not present the same plasticity as in-vivo, since they form flat
monolayers in culture 25. That is, in injury, dermal fibroblasts change their actin skeleton
gene expression, acquiring contractile properties like smooth muscle cells. The main
reason for this transformation is to bring the edges of the wound together. The
transformed cells are known as myofibroblasts 21.
Fibroblasts are large, flat, spindle-like cells with an elliptical or elongated nucleus
and thin cytoplasm. The nucleus has a delicate membrane and small amount of granular
chromatin. There are morphological differences between young and old fibroblasts:
young fibroblasts have an irregular branched cytoplasm; the nucleus is ovoid, large, and
pale; the cytoplasm is rich in rough endoplasmic reticulum (RER), and the welldeveloped Golgi complex is located close to the nucleus. The young fibroblasts are
actively engaged in protein synthesis to repair and maintain the connective tissue

10

architecture. As fibroblasts become old, they become inactive and the production of
proteins decreases, although they maintain their spindle-like shape. Their nucleus
becomes darker and smaller, and their cytoplasm becomes more acidic because of the
granular endoplasmic reticulum 25.
Huang et al. hypothesize that scars mostly develop in areas subjected to high
stretching tension. The high mechanical forces activate a process known as
mechanotrasduction. As a result, fibroblasts and collagens accumulate at the areas of
greatest tension, which are more prone to the development of dermal scars, especially
hypertrophic scars or keloids. Scars in general can undergo chronic contraction or postsurgical recurrence; and they can also become a psychological burden for those whose
scars are visible 1.

2.2.3

Mechanotransduction

Regardless of the amount and magnitude of the force applied to the skin, cells, whether
young or old, sense the mechanical forces as a stimuli, and properly respond to it.
Mechanotransduction is the process by which the cells convert mechanical stimuli into
biochemical stimuli leading the cells to respond. Parts of the cell such as stretch-activated
ion channels, integrins, cadherins, growth factor receptors, myosin motors, and
cytoskeleton filaments are responsible for the mechanotrasduction process 26. Altoguh the
development of scars is still not well understood, mechanical stimuli cause certain
behavior in cells like: adhesion, migration, survival, proliferation, angiogenesis,
apoptosis, among others

27

. According to Ogawa et al., cellular stretch can produce

different cell responses. For instance, stretched cells can up-regulate epidermal
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proliferation and angiogenesis; and, cyclical stretched skin cells express more growth
factors than statically stretched skin 27.
In connective tissue, mechanical forces are needed in order for cells, in this case
fibroblasts, to differentiate and/or produce extracellular matrix components. In the
absence of mechanical forces, connective tissues suffer atrophy. On the other hand,
excess load can induce hypertrophy resulting in high strains that cause inflammation,
degradation, and apoptosis

[27]

. The mechanotransduction phenomenon causes contact-

dependent cell signals where the cells need to be in a direct cell-to-cell contact 27.
The starting step of the mechanotrasduction pathway is the proper binding of the
cell to the ECM through cell surface receptors. Integrin receptors located on the cell
surface directly bind to fibronectin, transmitting forces into the cytoskeleton. Thus, actin
proteins become activated through conformational changes 27. Once integrin is activated,
its ligands from the ECM bind to it with high affinity, “clustering into focal adhesions
with rapid tyrosine phosphorylation”

27

. As a consequence, the cytoskeletal proteins

rearrange, activating the Rho GTPase activity, which affects the reorganization of actin
proteins. Thus, the cell responds based on these conformational changes 27.
A relatively different pathway gets activated during skin repair and scarring.
Some of the signaling pathways activated are: “transforming growth factor β/Smad,
integrin, mitogen-activated protein kinase and G protein, tumor necrosis factors α/nuclear
factor-kB, Wnt/β-catenin, interleukin, and calcium ion pathways”27. For instance, integrin
expression and activity can be controlled by tetraspanins or cell sulfate proteoglycans
which are known transmembrane proteins

27

. There is a conformational change that

results in the unmasking of receptors that activate the TGF-B signaling pathway when
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TGF-B bids to alpha-vb8 complex which is seen in wound epithelium and in chronic
wounds. The signaling pathway then presents the complex to the membrane-bound
MMPs, activating the proteolytic functions of the MMPs 27.

2.3 Mechanical Properties of the Skin
Skin is behaves as both an isotropic and as a viscoelastic material. Its elasticity varies
depending upon the direction of the applied force. The usual skin response to stretch is
non-linear. The linear effect of stretch is produced by the alignment of the elastin fibers
in the dermis. As the load increases, the non-linear effect takes place, and it is produced
by the reorientation of collagen fibers and displacement of ECM 28. According to Edsberg
et al., “collagen will fracture at 10 percent elongation, [and] elastin will not fracture until
100 percent extension of its original length is attained”

29

. Figure 2.2 is a stress-strain

curve containing the non-linear deformation as mentioned in the previous sentences.
As skin expands, the deformation effect is time-dependent. Both creep and stress
relaxation are observed. Creep happens when a constant force is slowly applied, resulting
in hyperplastic deformation. Stress-relaxation is characterized by a decrease is tension
since skin is maintained at a constant length. Very rapid stretch, as in pregnancy or normal
adolescent development, ruptures the collagen fibers, leading to dermal injury.
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Figure 2.2 Stress-Strain curve of skin.

Source Venus M, Waterman J, McNab I. Basic physiology of the skin. Surgery (Oxford). 2011;29;10:4714.
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CHAPTER 3
MULTIAXIAL STRETHING DEVICE

Stretching both soft tissue and cells has mainly been done in a uniaxial direction in vitro.
Since more research needs to be done in a multiaxial direction [1, 30, 31], a stretching
device was specifically designed and assembled as part of this thesis as a model to mimic
stretching of the skin. The main purpose of building this device was to have a uniform
control of high strain levels and time duration, normally applied to either skin samples or
dermal fibroblasts cultured on a silicon membrane. This thesis only includes the results
from stretching neonatal human dermal fibroblasts at a strain of 20% for a duration of
one hour.

3.1 A Review of the Different Stretching Devices
The majority of soft tissue stretching devices have been designed for uniaxial
stretch 31-34. Wang et al.’s stretching device works through the application of a vacuum
extending the membrane in the x and y directions. NIH 3T3 fibroblasts were uniaxially
stretched to: 16, 26, and 32%. After recording the state of the stress fibers, they observed
that “uniaxial stretch led to actin cytoskeleton alignment perpendicular to the direction of
stretch” 34. In addition, Kanazawa et al. used human skin fibroblasts and applied uniaxial
cyclical stretch to 20% of the original cell length, at a frequency of 0.16Hz. As a
consequence, the cells presented down-regulation of both collagen production and
connective tissue growth factor (CTGF). The CTGF plays a key role in the wound healing
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cascade since it stimulates cell proliferation, adhesion, chemotaxis, angiogenesis, and
production of ECM components. 35
Huang et al. used an apparatus which applies continuous uniaxial sinusoidal
stretch at 10 cycles per minute; they evaluated “the morphological and functional effects
of cellular stretch on normal human dermal fibroblasts (hDFs).”

1

Some of their

observations are: cells aligned perpendicular to the direction of stretch, and cells
increased Matrix-Metalloproteinase (MMP) expression. MMPs are proteins in charge of
degrading collagen and other components of the extracellular matrix (ECM). 1
By contrast, Morrison III et al. used a multi-axial device that allowed the precise
control over the mechanical stimulus by independently regulating the strain, strain
duration, strain rate, among other parameters. They were interested in studying the
mechanical response of brain tissue upon the application of mechanical strain

30

. The

silicon “membrane was deformed by a pressure acting normal to the deformed surface”30.
The basic idea for the stretching device used for this thesis was obtained from Morrison
III et al.’s publication
The closest model available in industry of deformation by a pressure acting
perpendicular to the surface is the skin expander used for breast reconstructive surgery
and for foreskin treatments 22, 23, 36. On a molecular/cellular level, the skin is loaded with
tension after the device is implanted. As a consequence, several integrated cascades, such
as the mechanotransduction pathway, the wound healing cascade, among others, are
activated leading to the production of skin growth factors, cytokines, proteins, and
changes in the cytoskeleton of cells 22, 23. If the mechanical forces that contribute to skin
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growth are not well controlled, either stretch marks will develop or the dermis will
rupture29.
3.2 Design Criteria, Materials, and Methods
The stretching device designed for this thesis differs from Morrison III et al’s in the
following ways: the multi-axial stretching device is a model to simulate severe stretching
of the skin as observed in pregnancy, weight gain, use of tissue expanders, among other
conditions. The materials used to build the stretching device were selected based on
humidity resistant properties, allowing the device to be placed into the incubator at 37 °C,
5% CO2, and 95% humidity. The device is composed of two plates (bottom and top), a
rounded tip indenter designed to deform the silicon membrane, a mechanical jack which
moves the indenter vertically to deform the membrane, a specially designed cell culture
well where the silicon membrane is attached and sealed in place using a silicon O-ring,
and a cell culture well holder to prevent further movement and misplacement of the
culture well.
The Aluminum top plate (Figure 3.1) is designed as a base for the PEEK cell well
(Figure 3.3). The well is then held in place with the Aluminum cell well holder as
observed in Figure 3.5. The well design was taken from Dr. Pfister’s original design, the
only difference is that the height of the well was modified in order to hold more cell
media, because the device allows for long periods of deformation. Like Dr. Pfister’s
design, “the well … allow[s] for rapid assembly by press-fitting” 37 the rings together. In
between the two PEEK rings, there is an O-ring, which serves three purposes: “1)
applie[s] pre-stretch to the silicone membrane, 2) [holds] the well together, and 3) act[s]
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as a gasket to prevent media leakage”37. The circular shape of the well allows for
equibiaxial and uniform tension along the membrane.
The spherical tip indenter deforms the membrane in a tent-like shape. At the very
center of the membrane, the strain value can be calculated experimentally, and it can be
confirmed using the formula from Morrison III et al’s publication 30. The formula is:

2 𝑤 2
2 𝑤 4
2 𝑤 6
∈= ( ) −
( ) +
( )
3 𝑎
15 𝑎
35 𝑎

(3.1)

where w is the vertical displacement and a is the radius of the clamped membrane (10
mm). Since the vertical displacement used for this thesis (5 mm) is greater than half the
thickness of the membrane (0.127 mm), the deformation of the clamped-edge circular
membrane follows the large-deflection theory which considers both the bending and
membrane actions 38.
According to Ansel C. Ugural, “the compressive stresses at the top of the plate
may be larger than the tensile stresses at the bottom” 38, which leads one to conclude that
the strain distribution on the silicon membrane is not uniform. As previously mentioned,
the silicon membrane deforms in a tent-like shape, and equations and analysis of circular
membranes following the distributed load theory deformation cannot be used for these
experiments. Therefore a new equation must be derived for this type of structural
deformation.
A Finite Element Analysis (FEA) was conducted in order to start characterizing
the membrane deformation. To execute the FEA, the parameters from Table 3.1 were
used. The values of both the Young’s modulus and the Poisson’s ratio were obtained from
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the company, but the value of the Young’s modulus is of the material used to make the
silicon film, and not the silicon sheet.
Table 3.1 Parameters used to execute the FEA using ANSYS
Parameters used to execute the FEA
Young’s modulus
Poisson’s ratio
Membrane deflection
Load applied to the center of membrane
Membrane thickness

Value
2.6 MPa
0.499
5 mm
12,276 Pa
0.127 mm

In order to find the value of the applied load, equations from the large-deflection
theory were used 38. First, Equation 3.2 was used to find the flexural rigidity (D) of the
Silicone film. Then, Equation 3.3 was used to solve for the pressure load (P) needed for
a 5 mm membrane center deflection (Equation 3.4). The values of the Young’s modulus
(E), the membrane thickness (t), the Poisson’s ratio (v), and the membrane deflection (w)
are in Table 3.1.

𝐷=

𝐸𝑡 3
1 − 𝑣2

𝑃𝑟 4
𝑤
𝑤 2
= [1 + 0.65 ( ) ]
64𝐷𝑡
𝑡
𝑡

𝑃=

64𝐷𝑡 𝑤
𝑤 2
[1
+
0.65
(
) ]
𝑟4 𝑡
𝑡

(3.2)

(3.3)

(3.4)

The theoretical results of the membrane deformation were compared to the results
obtained using ANSYS (Figure 3.1). Based on Equation 3.4, a pressure load of 12,276 Pa
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and a deflection to thickness ratio of 50 are needed for a 5 mm membrane deformation at
the center. The results from ANSYS match the theoretical results, because the same
amount of pressure is needed for a 5 mm deflection. The deflection to thickness ratio
varies from the theoretical value. However, this difference is not significant for this thesis.

Comparison between the theoretical and
the Ansys results
14000.00
12000.00

Pressure (Pa)

10000.00
8000.00
Theoretical

6000.00

Ansys
4000.00
2000.00
0.00
0

10

20

30

40

50

60

70

w/t

Figure 3.1 Comparison between theoretical results and ANSYS results.

In addition, a tensile test of the silicon sheet was conducted in order to verify the
actual Young’s modulus of the film. After conducting the tensile test, the results present
differences between the experimentally obtained Young’s modulus and the one obtained
from the company. The difference lies in that the Young’s modulus provided by the
company is of the material used to make the films at 200% deformation, whereas, the
Young’s modulus from the tensile test was obtained at 100% deformation. The Young’s
modulus obtained directly from the company was used for the calculation of this thesis.
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Figure 3.2 is the stress-strain curve experimentally obtained from the tensile test of five
silicon sheet samples. The average Young’s modulus value from the tensile test at 100%
deformation is 1.26 MPa.

Figure 3.2 Tensile test of five samples of the silicon sheet. The sample dimension used
were: 13mm * 100mm * 0.127 mm
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3.2.1 Images from the Finite Element Analysis (FEA):

Figure 3.3 Bottom view of the Z-component of displacement. This image represents the
real simulation of how the membrane is being deformed during the experiment. It is
clearly observable that the membrane deforms in a tent-like shape rather than a bubblelike shape. This is the reason why a different membrane deformation analysis must be
used. A FEA is the starting point for this membrane characterization; future work will
include an in-depth analysis.
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Figure 3.4 Front view of the Z-component of displacement. Based on the colors, one can
observe that the edges of the membrane are not moving (blue), whereas, the center of the
membrane is displaced by the indenter in the Z-direction (red).
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The FEA shows the total mechanical strain distribution in the X or radial, Y or
circumferential, and Z directions. Figure 3.5 shows the total mechanical strain in the X
or radial direction in Cartesian coordinates. The dark blue color has a negative strain value
that corresponds to the contraction of the membrane as it stretches. The other colors have
a positive strain value that corresponds to the tensile stretching of the membrane. Figure
3.6 shows the total mechanical strain in the Y or circumferential direction in Cartesian
coordinates. The same strain distribution as described above is observed, but in the
opposite direction. Figure 3.7 represents the changes in the membrane thickness, which
is not of interest for this thesis. It is only shown for comparison of results.

Figure 3.5 X or radial direction of total mechanical strain in Cartesian coordinates.
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Figure 3.6 Y or circumferential direction of total mechanical strain in Cartesian
coordinates.
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Figure 3.7 Z direction of total mechanical strain in Cartesian coordinates.

There are three principal total mechanical strains which occur along the deformed
membrane. The first principal total mechanical strain (Figure 3.8) occurs in the X or radial
direction. The membrane undergoes stretching in the radial direction, which is confirmed
by the positive strain values. The second principal total mechanical strain (Figure 3.9)
occurs in the Y or circumferential direction. As the membrane is stretched, it contracts in
the circumferential direction near the clamped area. This is confirmed by the negative
strain values of the dark blue area. The third principal total mechanical strain (Figure
3.10) happens in the Z-direction or out of the plane. It defines the change in thickness as
the membrane deforms.
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Figure 3.8 1st principal total mechanical strain.
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Figure 3.9 2nd principal total mechanical strain.
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Figure 3.10 3rd Principal total mechanical strain
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3.2.2 Parts of the Device
Images 3.5-3.9 show the design characteristics of each part of the device and the assembly
of the device:
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0.50”
8.00”
0.50”
ɸ0.25”

ɸ1.00”
ɸ0.25”
8.00”

Figure 3.11 Top Plate.
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0.25”

0.25”

Figure 3.12 Bottom Plate.
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0.790”

1.20”

1.380”

0.790”

1.380”

0.36”

0.297”
1.00”

Figure 3.13 Cell Well.
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1.85”

0.25”
ɸ0.39”

1.40”

0.5”

1.66”

Figure 3.14 Membrane indenter.
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1.00”

5.50”

1.00”

Figure 3.15 Assembly of Stretching Device.
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CHAPTER 4
EXPERIMENTS AND PROTOCOLS

4.1 Device Calibration
The device was designed to allow for absolute control of the strain levels. However, it
had to be modified to properly measure the vertical displacement to be measured from
the top plate, which is the reference point, using a caliper. MATLAB was used in order
to solve for the displacement (a) from Equation 3.1. The initial placement or the zero
point of the membrane measures 37.33 mm from the top plate of the device. In order to
obtain 20% strain, the membrane must be displaced 5 mm. Therefore, the caliper must
measure 32.5 mm in order to obtain the needed displacement. Table 4.1 shows the
different values of vertical displacement with its correspondent strain value.

Table 4.1 Strain values with their corresponding vertical displacements
Strain value (%)

0
5
10
15
20
21
22
23

Vertical displacement of
the silicon membrane in
mm
0
20
60
150
420
520
660
830
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Number read on the
caliper in mm
37.33
32.5
27.5
22.5
17.5
12.5
7.5
2.5

After calibration, the strain distribution at 5 mm vertical displacement was
checked by drawing circles around the indenter and the clamped area of the membrane.
The distances between the inner and outer points were measured respectively before and
after the deformation in order to find the approximated strain values using the strain
equation:

∈=

∆𝑙 𝑙 − 𝑙𝑜
=
𝑙𝑜
𝑙0

4.1

Table 4.2 Experimentally obtained strain values
Strain value at the center of the
membrane at 5 mm vertical
displacement
19 ± 0.05 %

Strain value at the sides of the
membrane at 5 mm vertical
displacement
0.11 ± 0.03 %

4.2 Cell Culturing
Neonatal human dermal fibroblasts (HDFn) obtained from Dr. Michniak’s lab were
thawed according to the instructions obtained from Invitrogen (Carlsbad, CA) and plated
at a density of 250,000 cells cm-2 in T-25 flasks in 5 ml of culture media containing
Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) supplemented with 10% fetal
bovine serum (FBS, Invitrogen), 1% Penicillin/Streptomycin (P/S, Invitrogen), and 1%
L-Glutamine (Invitrogen). The cells were incubated at 37 °C with 5% CO2 and 95%
humidity. Once they reached 90% confluence, the cells were trypsinized using 0.025%
Trypsin-EDTA (Invitrogen) until they detached from the bottom of the flask. Then they
were counted using Trypan Blue (Sigma). The cells were either re-cultured or seeded onto
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a silicon membrane (0.005” Gloss/Gloss silicone sheeting, Specialty Manufacturing,
Saginaw, MI) at a density of 11,905 cell cm-2 (150,000 cells/ml).

4.3 Preparation and Assembly of the Cell Well
To prepare the cell well for culture, the PEEK rings were washed thoroughly using
Sparkleen (Fisher Scientific Co.) laboratory detergent and sonicated three times with
purified water. The rings were rinsed with purified water between sonications in order to
remove excess waste. The silicon sheeting (0.005” Gloss/Gloss silicon sheeting, Specialty
Manufacturing) iss cut into approximately 2 x 2 cm squares. Importantly, the cut silicon
sheet had to be washed with RO water. The square pieces of silicon were placed under
the large ring and the small ring was press fitted in order to form a stable well. The well
was then placed in a plastic container resistant to autoclaving with purified water. The
well was autoclaved for one hour.
After autoclaving, the well was allowed to dry and cool to room temperature in a
sterile culture hood. The silicon membrane had to be coated using Poly-L-Lysine solution
(0.05mg/mL, PLL, Peptides International, Louisville, KY) at a ratio of 5 PLL to 7 of
sterile distilled water. The well was left in the incubator at 37 °C overnight. The PLL
solution was aspirated. The wells were rinsed three times with sterile distilled water and
were allowed to air dry. HDFn were seeded at a density of 150,000 ells/ml. The well with
already-seeded cells was left in the incubator at 37 °C for at least 6 to 8 hours.
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4.4 Stretching Experiment
Before and after the stretching experiments, the cells were imaged. The center of the
silicon well was marked as a reference point for properly imaging the cells. The cell well
was then placed on top of the top plate of the stretching device, and the well holder was
then placed on top of the cell well, providing better support. The well holder was tight
using 12/64” screws (McMaster-Carr). The four small glass flasks had to be filled with
DI water, and the glass cover had to be placed on top of the metal box surrounding the
cell well. In order to achieve 20% strain at the center of the membrane, the membrane
had to be vertically displaced 5 mm. The initial positon of the mechanical jack was at
37.33 mm, which positions the indenter right below the membrane. A 5 mm vertical
displacement of the membrane read as 32.5 mm on the caliper (Table 4.1). The cells were
left under static point load deformation for one hour.
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4.5 Cell Viability Quantification
After one hour deformation, the regular procedure for passing and counting cells was
used. Cells were trypsinized with 0.025% Trypsin-EDTA (Invitrogen); two microcentrifuge tubes with cell suspension were prepared as samples to count the cells. From
each sample, the cells were counted three times using Trypan Blue (Sigma) and a
Hemocytometer, making a total of 6 counts. This allowed for statistical analysis. Both the
live and dead (stained in blue) cells were counted separately. Equation 4.1 is the cell
viability equation used to find the cell viability percentage.

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%)
= 𝑡𝑜𝑡𝑎𝑙 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 (𝑢𝑛𝑠𝑡𝑎𝑖𝑛𝑒𝑑)
÷ 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 (𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑎𝑛𝑑 𝑢𝑛𝑠𝑡𝑎𝑖𝑛𝑒𝑑) ∗ 100
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(4.2)

CHAPTER 5
RESULTS

The main purposes of these experiments were to: 1) prove whether or not the device is
sufficient to model rapid stretching of the skin, as observed in pregnancy, weight gain,
and tissue expansion, leading to stretch marks formation; 2) to analyze cell morphology,
change in cell polarity, and cell viability as a function of total strain, and 3) to understand
the basic development of stretch marks.
A total of two experiments were conducted for one hour at 20% strain. Cell images
were taken before and after the deformation period, and they were also counted in order
to calculate cell viability. Images 5.1- 5.4 represent the results from experiments 1, and
2.

5.1 Experiment 1
Pre-stretched cells:

Figure 5.1 HDFn before deformation at a magnitude of 10X.
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One hour after deformation at 20% strain:

Figure 5.2 HDFn one hour after deformation at 20% strain at a magnitude of 10X.
Cell Quantification:
Table 5.1 Cell quantification of experiment 1
Live

Dead

100,000 ± 22,000

140,000 ± 60,000

Cell Viability:
After applying the formula 4.2, 42 % of the cells in the culture were alive after
deformation.
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5.2 Experiment 2

Pre-stretched cells:

Figure 5.3 HDFn before deformation at a magnitude of 10X.
One hour after deformation at 20% strain

Figure 5.4 HDFn one hour after deformation at 20% strain at a magnitude of 10X.
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Cell Quantification:
Table 5.2 Cell quantification of experiment 2
Live

Dead

60,000 ± 40,000

100,000 ± 20,000

Cell Viability:
After applying the formula 4.2, 38 % of the cells in the culture were alive after
deformation.

5.3 Morphological Changes
Cells present morphological differences before and after deformation. Before
deformation, the HDFn are elongated, with well distinguished nucleus and clear branched
out cytoplasm. After deformation, the cells are acquiring a rounded structure as if they
were starting to detach from the membrane. The comparison of two images (before and
after stretch) of experiment 1, 2, and 3 respectively, allows one to observe a drastic change
in the morphology of the cells.

5.3.1 Comparison between Cells before and after Deformation from Experiments 1
and 2
Images 5.5 and 5.6, from the same area towards the left side edge of the membrane, before
and after deformation respectively from experiment 1, are compared in order to analyze
the morphological changes of the cells as a function of strain.
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Figure 5.5 Pre-stretched cells, experiment 1
at 10X.

Figure 5.6 One hour after deformation
20% strain, experiment 1 at a
magnitude of 10X.

Figures 5.7 and 5.8 also show a morphological change. Before deformation, the
cells (Figure 5.7) are flat and elongated with branched cytoplasm whereas, after
deformation (Figure 5.8), the cells have acquired a thick rounded shape, which usually
happens when they are threatened, in this case by mechanical forces.

Figure 5.7 Pre-Stretched cells at the center
from experiment 1 at 10 X.
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Figure 5.8 One hour after deformation
at 20% strain from experiment 1 at a
from experiment 1 at 10X.

Figure 5.9 Pre-Stretched cells at the center
from experiment 2 at 10X.

Figure 5.10 Center of the membrane
one hour after deformation at a 20%
strain from experiment 2 at a 10X.

At the center of the membrane, cells after deformation (Figures 5.8 and 5.10) tend
to form small groups, compared to the cells before stretch which are well dispersed on
the silicon membrane. As previously mentioned, after stretching, the cells become
rounded, and there are more visible spaces on the membrane, as if they were dying. This
fact is supported by cell quantification from experiment 1 and 2, which shows that around
140,000 ± 60,000 and 100,000 ± 20,000 cells/ml are dying respectively, because of either
excessive or prolonged forces applied to the membrane. This is further confirmed by the
cell viability quantification, demonstrating that the majority of the cells from both
cultures are dead. This is concluded because the viability percentage is less than 50%
(Chapter 5, Sections 5.2 and 5.3).
5.4 Cell Migration
It is clearly visible that cells are moving. To quantify cell movement measurements of the
angles of three cells before and after deformation from experiment 1 were taken.
However, because of the high cell density, it is very difficult to select the exact cells
without a proper marker to identify them. Images 5.13 – 5.15 are polar plots of the
measured angles from the three selected cells. They are only shown to demonstrate the
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technique used for measuring cell mobility, even though it is not the ideal technique to
be for the data analysis of this thesis.

Figure 5.11 Selection of three pre-stretched
cells from experiment 1 at 10X.

Figure 5.12 Selection of the same three
cells from experiment 1 after one hour of
deformation at 20% strain 10X.

Figure 5.13

Figure 5.14
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Figure 5.15
5.5 Cell Polarity
As a means of demonstrating that cells change polarity after deformation, lines were
drawn on elongated polar cells with branched cytoplasm and a well formed nucleus, from
randomly selected images of the membrane before and after deformation from both
experiments. The lines were then counted to statistically quantify cell polarity before and
after stretch. From experiment 1, three images were easily picked out from the same
section of the membrane. However from experiment 2, this technique was applied to
analyze the changes of cells as a population. Figures 5.22 and 5.25 are bar graphs
representing the amount of elongated-polar cells before and after deformation
respectively. These graphs become supportive evidence of the fact that cells experience
a severe morphological change while being exposed to mechanical forces.
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Figure 5.16 Sample 1 quantification of cell
Figure 5.17 Sample 1 quantification of
polarity from experiment 1 at 10X. Lines
cell polarity after one hour deformation
were drawn through the elongated-polar cells. at 20% strain from experiment 1 at 10X.
Lines were drawn through the
remaining elongated cells.

Figure 5.18 Sample 2 quantification of cell
Figure 5.19 Sample 2 quantification of
polarity from experiment 1 at 10X. Lines
cell polarity after one hour deformation
were drawn through the elongated-polar cells. at 20% strain from experiment 1 at 10X.
Lines were drawn through the
remaining elongated cells.
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Figure 5.20 Sample 3 quantification of cell
Figure 5.21 Sample 3 quantification of
polarity from experiment 1 at 10X. Lines
cell polarity after one hour deformation
were drawn through the elongated-polar cells. at 20% strain from experiment 1at 10X.
Lines were drawn through the
remaining elongated cells.

Cell polarity-elongation change before and after stretch from
experiment 1
60

Number of polar-elongated cells

50

40
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10
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2

Blue: Before deformation
Orange: After deformation

Figure 5.22 Bar graph of cell polarity before and after stretch from samples of experiment
1. After stretch, there are very few elongated and healthy cells, because the cell
morphology changes based on the applied mechanical forces. There is an average of 43
± 6 elongated – polar cells before the membrane is deformed. After membrane
deformation, there is an average of 17 ± 3 elongated – polar cells
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Figure 5.23 Quantification of cell polarity across the silicon membrane before stretch,
from experiment 2 at 10X. Lines were drawn on elongated-polar cells with expanded
cytoplasm and a clear identifiable nucleus. There is an average of 303 elongated-polar
cells after stretch.

Figure 5.24 Quantification of cell polarity across the silicon membrane after stretch, from
experiment 2 at 10X. Lines were drawn on elongated-polar cells with expanded
cytoplasm and a clear identifiable nucleus. There is an average of 170 remaining
elongated-polar cells after stretch. At a magnitude of 10X.
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Cell polarity-elongation change before and after stretch from
experiment 2
Number of polar-elongated cells
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1: Green: Before deformation
2: Yellow: After deformation

Figure 5.25 Bar graph of cell polarity before and after stretch of experiment 2. After
stretch, there are very few elongated and healthy cells because the cell morphology
changes based on the applied mechanical forces. There is an average of 303 elongated –
polar cells before the membrane is deformed. After membrane deformation, there is an
average of 170 elongated – polar cells.

52

CHAPTER 6
DISCUSSION

The main purpose of this thesis is to use the designed multi-axial stretching device as a
model to mimic skin stretched by a normal force as observed during pregnancy, weight
gain, body building, and the use of tissue expanders for reconstructive treatments. The
designed stretching device allows a maximum strain of 1310%. However, because of the
experimental set up of this thesis, the maximum strain level is 830%.
The strain distribution along the membrane is not uniform. Both the FEA results
and the experimentally obtained values show that the center of the membrane is
dominated by tensile forces (positive values), and at the clamped edges of the membrane
there are both tensile and contractile forces. The tensile forces are in the radial direction,
and the contractile forces are in the circumferential direction. . Figures 6.1, 6.2, represent
the diagrams of the strain distribution.

Figure 6.1 Pre-stretched membrane.

Figure 6.2 Strain distribution
according to both the FEA and the
experimental analysis
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A strain of 20% at the center of the membrane was found experimentally and was
confirmed using the Equation 3.1. This specific value was used because according to
Ogawa et al., 29% is “the contraction rate in the vertical direction” 12 of the suprapubic
region produced when a person is seating. The suprapubic region is located in between
the navel and the pubic area. This area is of great interest since this is a common spot
where stretch marks develop. The strain values vary depending on the region of the body.
For example, the usually observed values in the upper body are between 5% and 8%
(arms, shoulders, and chest) 12.
The main function of human dermal fibroblasts is to produce the ECM fibrous
components, like collagen and elastin. Their healthy morphology is characterized by a
flat, spindle shape, with clear and branched cytoplasm, and oval-shape nucleus. After one
hour of stretch at 20% strain, the cell morphology changed. Most of the cells lost their
elongated, flat morphology, and acquired a more rounded shape, with a less branched
cytoplasm, and a non-distinguishable nucleus (Figures 5.5-5.10). The cell quantification
(Tables 5.1 – 5.2) shows that the cells are dying as a function of strain; since cell viability
is less than 50%. Therefore, cells sense the mechanical properties of the substrate/ECM
and properly react to it by migrating, surviving, dying, among other responses.
From the results, it was also observed that after the applied stretch, the cells moved
around the membrane. The angles of three cells before and after deformation were
measured to quantify cell migration. The polar plots of the three respective cells were
plotted. Cell 1 shows a bigger change in angles compared to cells 2 and 3, which leads to
state that the applied force induced cell migration/mobility. However, this technique is
not optimal to apply for this thesis because the cells need a marker in order to be identified
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after the experiment is conducted. It is necessary a more in depth migration analysis to
clearly define whether or not the cells follow both the circumferential and radial strain
components as a guide for them to move.
Therefore, cell polarity was analyzed in order to quantify the morphological
changes of the cells after deformation. Cell polarity refers to the healthy shape of
fibroblasts characterized by an elongated body with branched cytoplasm. From
experiment 1, three images were randomly selected from the same area before and after
deformation. Lines were drawn through the cells with a polar shape and visible nucleus
before deformation; after deformation, lines were drawn through the remaining polar
cells. Based on images 5.15 – 5.21, there are less polar/elongated cells after the applied
stretch. Confirming that cells change their morphology as a response to the mechanical
forces of the ECM/substrate 1, 34.
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CHAPTER 7
CONCLUSIONS

The stretching device designed for this thesis is a good model to study how multi-axial
mechanical forces affect dermal fibroblasts, and hence scar formation in vitro. However,
from the set of experiments, it is too early to conclude how stretch marks are formed.
Although the mechanical simulation of severe skin stretching is obtained with the device,
the 2D cell cultures do not properly represent the in-vivo state of the cells within the skin.
Therefore, the results from a 2D culture could potentially differ from the results of a 3D
cell culture. It is confirmed that the cells change their morphology and polarity as a
function of applied mechanical strain, becoming rounded with a less branched cytoplasm
and a darker and non-distinguishable nucleus after one hour deformation. Also, the cells
move around the membrane as observed from all images in Chapter 5. However, the
technique used to measure the angles is not optima to generate usable data. It is difficult
to recognize and select the same cells from the same area before and after deformation.
The polar plots were shown as a means of demonstrating the technique used to quantify
cell mobility.
For future studies, the device must be modified to prevent the media to dry out for
experiments longer than one hour. The device should also be re-designed so the
experiments can be executed under the microscope allowing for life-time images.
Specific selected cells must be marked, so they can be tracked and observed during the
deformation. Proper analysis of protein synthesis before and after the deformation will
help determine how much collagen and elastin fibers are being produced as a function of
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mechanical strain. Moreover, 3D cell culture will be ideal using hydrogel matrices in
order to closely resemble the in vivo structure of the skin. Since, the localized presence
of steroid hormones are considered as a potential cause for stretch mark formation, future
studies should include an analysis of how such hormones affect human dermal fibroblasts
and their possible correlation with scar formation.
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